The effect of dimethyl sulphoxide (DMSO) on the stability of native and EDTA-treated tobacco mosaic virus (TMV, Vulgare strain) has been reinvestigated using a variety of chemical and biochemical techniques. Contrary to earlier reports, we conclude that TMV rods behave as a heterodisperse population, exhibiting one of two modes of uncoating. More than 50% of the rods disassemble rapidly and extensively in a unique polar fashion beginning at the 5'-end of the viral RNA. The remainder of the rod population uncoats more slowly, less extensively, and exhibits substantial bidirectional exposure of the viral RNA, commencing at the 3'-terminus but proceeding for no more than 500 nucleotides before the major uncoating event again shifts to the 5'-ends of the particles. A portion of the coat protein gene and the region around the assembly initiation site on the viral RNA appears most resistant to uni-or bidirectional stripping; this is in contrast to previous reports. This complex, biphasic behaviour of the TMV rod population, which produces two broad and relatively ill-defined peaks of metastable nucleoprotein intermediates, may account for many of the inconsistencies prevalent in earlier work.
INTRODUCTION
Several agents have been shown to bring about the sequential, polar disassembly of tobacco mosaic virus (TMV) in vitro. Prominent among these have been SDS (May & Knight, 1965; Wilson et al., 1976) , alkali (Onda et al., 1970; Perham & Wilson, 1976; Ohno & Okada, 1977) and urea (Buzzell, 1960; T. M. A. Wilson et al., unpublished results) . Frequently, a series of more or less stable nucleoprotein intermediates can be detected, isolated and characterized during the stripping process (Schramm et al., 1955; Harrington & Schachman, 1956; Symington, 1969; Buzzell, 1960) . These discrete, metastable intermediates, particularly those prepared in alkali, have been of value in locating structural and regulatory regions on the viral RNA (Zimmern & Wilson, 1976; Hunter et al., 1976; Lomonossoff & Butler, 1979) .
Recently, the process of disassembly in dimethyl sulphoxide (DMSO) has attracted considerable attention and has been the subject of several conflicting reports Wilson, 1978; Nicolaieff & Lebeurier, 1979) , in which the results are not clear-cut and can often be interpreted ambiguously. This prompted us to undertake a thorough reinvestigation of the polarity of disassembly in DMSO employing several chemically and biochemically irrefutable techniques. The results are unambiguous and indicate that the majority of TMV particles disassemble rapidly and extensively in 72% (v/v) DMSO beginning at the 5'-end of the RNA; however, the situation is complicated by a subpopulation of rods which uncoat slowly and in a bidirectional manner, probably commencing in the T.M.A. WILSON, G. P. LOMONOSSOFF AND J. F. GLOVER 3' -* 5' direction. Nevertheless, such particles do not strip extensively in this direction (no more than 500 nucleotides are exposed), before 5' -* 3' uncoating assumes dominance. The significance of these results in reinterpreting earlier gene mapping experiments and electron microscope image analysis is discussed.
METHODS
Virus propagation. Ten cm-high plants of Nicotiana tabacum var. Samsun were inoculated by gentle abrasion with a 1 mg/ml suspension ofTMV (Vulgare) kindly supplied by Dr P. J. G. Butler, MRC Laboratory of Molecular Biology, Cambridge, U.K. Six to ten weeks later, 60 cm-high plants were harvested, frozen to -20 °C and the virus isolated by the method of Leberman (1966) . TMV was stored at 20 mg/ml in (I ~ 0.1) sodium phosphate buffer pH 7 at4 °C.
DMSO treatment. Experiments revealed that dialysis against 100 vol. 1 mM-EDTA pH 7-5 (sodium salt) followed by dialysis against distilled water and lastly 10 mM-sodium phosphate buffer pH 7 each for 18 h at 4 °C before DMSO treatment, rendered virus preparations more reproducibly susceptible to uncoating by DMSO. Treatment with 72% (v/v) DMSO was exactly as described previously Wilson, 1978) , but scaled-up proportionally to include 100 mg virus. Twenty-five mg of the same virus preparation was treated appropriately to provide DMSO-free control RNA preparations (with or without a nuclease digestion step).
RNA preparation. Exposed RNA tails were removed by treatment with micrococcal nuclease (Boehringer, Mannheim) and the protected, encapsidated RNA molecules extracted, purified and fractionated on sucrose density-gradients exactly as described previously (Wilson, 1978) except that 17 ml sucrose density-gradients were centrifuged at 15 °C for 18 h at 25 000 rev/min in a Beckman SW27 rotor on a Sorvall OTD 50 ultracentrifuge.
RNA fractions A to E (Fig. 1) were analysed in more detail by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 2 to 10% (w/v) linear gradient gels. Well buffer and gel mixtures were essentially those of Laemmli (1970) . Five ~tl of 2 mg/ml solutions of RNA fractions A to E were mixed with an equal volume of sample buffer containing 5 M-urea, 80 mM-tris-HCl pH 6.8, 1% SDS and 10% glycerol. The gel was electrophoresed for 18 h at 55 V at room temperature. After thorough washing, bands were visualized by staining with 'Stainsall' (Dahlberg et al., 1969) .
Histidine-acceptor abilities. The ability of intact TMV RNA and the protected RNA fragments to form aminoacyl derivatives with 3H-histidine (60 Ci/mmol; The Radiochemical Centre, Amersham) in the presence of a crude yeast aminoacyl-tRNA synthetase preparation was tested as described by Perham & Wilson (1976) , except that 0.5 mM-CTP was included in the final incubation mixture to repair damaged 3'-ends (Benicourt & Haenni, 1974) .
In vitro translation. The template activities of RNA fractions A to E (each at 2 mg/ml) were investigated using a commercially available wheat germ lysate (Miles Laboratories, Slough, U.K.), prepared by the method of Marcu & Dudock (1974) , following the procedure adopted for translation of alkali-stripped TMV RNA fragments . The polypeptide products, radiolabelled with 3H-leucine, were solubilized in SDS-containing sample buffer and fractionated by electrophoresis on discontinuous 5 to 15% (w/v) polyacrylamide slab gels (Laemmli, 1970) . Protein bands were visualized by fluorography (Bonner & Laskey, 1974; Laskey & Mills, 1975) .
Sequence analysis of RNA extracted from nuclease-treated partially stripped virus. Fifty /tg samples of RNA fractionated on sucrose density-gradients ( Fig. 1) were digested with 5/~g RNase T1 for 90 min at 37 °C in 100 mM-tris-HC1 pH 7.4 containing 1 mM-EDTA. Five/tg samples were removed for kinase labelling and fingerprint analysis. The remainder of each digest was denatured by heating to 100 °C for 2 min in 50% (v/v)formamide containing 10 . The 10 to 40% (w/v) sucrose gradients were prepared as described previously (Wilson, 1978) and centrifuged as described in the text. One ml fractions were collected in an LKB Ultrorac after continuous monitoring of the gradient contents at 254 nm in an LKB Uvicord S. RNA fractions A to E were collected as indicated. Total RNA extracted from 25 mg control (without DMSO) TMV is shown on the same absorbance scale ( .... ).
mM-EDTA and loaded on to a 12 % acrylamide gel buffered with 90 mM-tris-borate pH 8.3 containing 2.5 mM-EDTA and 7 M-urea. After electrophoresis for 2 b at 400 V, the gel was stained with ethidium bromide and photographed under u.v. light as previously described by Butler & Lomonossoff (1978) . Kinase labelling and two-dimensional electrophoresis/ homochromatography on a small portion of the digest were performed as described previously (Lomonossoff & Butler, 1979) . Oligonucleotides were identified by their characteristic mobilities (Lomonossoff & Butler, 1979 , 1980 .
RESULTS

Preparation and characterization of protected RNA fragments
Partly disassembled nucleoprotein rods yield protected RNA fragments which can be examined for suitable marker functions. Fig. 1 shows a typical profile of the protected RNAs from a partly stripped population of TMV rods (100 mg), following exposure to 72% (v/v) DMSO (79%, w/v) for 30 rain at 24 °C. Pretreatment of virus suspensions with 1 mM-EDTA (sodium salt) pH 7.5 for 18 h at 4 °C before dialysis against water, followed by 10 raMsodium phosphate pH 7, rendered particles more susceptible to stripping. We have noticed a considerable variation in the extent of DMSO stripping between virus preparations, and consider it important to work with reproducibly susceptible virus. It might be inferred that variable numbers of weakly associated, divalent cations could affect the extent of stripping (Wacker et al., 1963) . The same virus preparation, not pretreated with EDTA, showed no detectable stripping at DMSO concentrations up to and including 78% (v/v) (85-8%, w/v; results not shown).
Protected RNA molecules from control virus (25 mg) (with or without a nuclease digestion step) sedimented as a sharp peak around 27S and showed little sign of fragmented RNAs. Protected RNA molecules from DMSO-treated virus (100 mg), on the other hand, sedimented . SDS-PAGE of RNA fractions A to E (as defined in Fig. 1 ) on 2 to 10% (w/v) linear gradient gels as described in Methods. RNA band X is the most plausible candidate to encode the 30K polypeptide shown in Fig. 3 . Fig. 3 . Template activities of DMSO-stripped TMV RNA fractions A to E (Fig. 1 ) in a wheat germ ($30) cell-free protein-synthesizing system. RNAs were supplied at 300/*g/ml of final incubation; 20 ~1 incubations were prepared exactly as described previously . 3H-leucine-labelled products were fractionated by discontinuous SDS-PAGE (Laemmli, 1970) and visualized by fluorography (Bonner & Laskey, 1974) . Co-electrophoresed, 3H-labelled, marker proteins (M) are shown with appropriate rnol. wt. (x 10 3).
as two broad, ill-defined peaks (Fig. 1) . However, electroph-~esis in a polyacrylamide gradient gel under denaturing conditions resolved a discrete series of DMSO-stripped R N A fragments (Fig. 2) . Control R N A samples (with or without nuclease) migrated exactly as fraction A, showing no significant, detectable fragmentation. Fraction E from the sucrose density-gradient ( Fig. 1) contained short R N A fragments, generated by nuclease digestion of exposed R N A tails, which migrated as a broad band comparable to 4S and 5S R N A markers on 2 to 20% (w/v) polyacrylamide gradient gels (resuks not shown). They do not bind histidine, being degradation products from exposed, predominantly 5'-terminal R N A sequences. By examining peak areas (Fig. 1) or comparing R N A yields from each fraction (A to E) it can be calculated that more than 50 % of the original rod population was uncoated extensively to produce the slower sedimenting RNA peak (fractions C plus D).
Cell-free protein synthesis
The polypeptides encoded by these broad, heterodisperse RNA fractions in the wheat germ cell-free system are shown in Fig. 3 . Fraction C (and to a lesser extent fraction D) RNAs encoded disproportionately large amounts of a polypeptide product with an apparent tool. wt. of 30000 (30K). Similar results have been reported for overlapping 3'-terminal subgenomic fragments of TMV RNA prepared by stripping in alkali and the 30K gene was tentatively located by this method. Detailed sequence information (Guilley et al., 1979 ; G. P. Lomonossoff, unpublished results) has revealed the location of this gene between nucleotides 686 to 1500 (approx.) from the 3'-end. Since fraction C RNA has an estimated average length of 2000 nucleotides, this imposes limitations on the nucleoprotein origin of Fig. 5 . Fingerprints of RNase T1 digests or RNA fractions A to D from sucrose gradients of DMSO-stripped viral RNA (Fig. 1) . The digests were labelled in vitro using polynucleotide kinase and 7-32p-ATP. Fractionation was by electrophoresis at pH 3.5 on cellulose acetate (lst dimension) and homochromatography on DEAE-ceUulose thin-layer plates using a 3% homomix (2nd dimension). Spots are numbered as in Lomonossoff & Butler (1979) .
fraction C RNA, and supports the conclusion from R N A fingerprint analysis (see below) that sequences beyond 500 nucleotides (from the 3'-end) remain intact, and apparently functional. Since the intensity of band X in tracks B, C and D (Fig. 2 ) parallels the yield of 30K protein in Fig. 3 , it is tempting to speculate that band X contains the active coding sequence for the 30K protein. * Charging experiments were performed in duplicate; average histidine acceptor activities are shown. The figure of 4300 ct/min/pmol for 27S TMV RNA control represents a specific histidine binding activity of 0.15 pmol His/pmol RNA; all other figures are directly proportional. This is within the range of published values Perham & Wilson, 1976; Salomon et al., 1976) and reflects the quality of our crude yeast enzyme preparation.
Polarity of TMV uncoating by DMSO
~" Assuming tRNA h~s = 0.05 mol/mol total yeast tRNA. $ Average mol. wt. of RNA molecules from sucrose density-gradient fraction, estimated by comparison with relative sedimentation positions of partially stripped TMV RNA fragments from disassembly in alkali . § Mol. wt. estimated by electrophoretic mobility of micrococcal nuclease fragments of TMV RNA, which appear as a broad band centred around co-electrophoresed 4S to 5S RNA markers.
Sequence analysis of RNA contained in TMV rods partially stripped by DMSO
A number of T 1 products have been located with varying degrees of precision in the TMV genome. The largest product (omega, /2) is 71 nucleotides long and begins after the 5'-terminal sequence mTGS'pppS'Gp (Mandeles, 1968; Richards et al., 1977) . Because of its size, £2 can easily be resolved from all the other T1 products by gel electrophoresis (Richards et al., 1978) and serves as a useful marker for the 5'-end of the RNA. Fig. 4 shows the products of complete T1 digestion of intact TMV RNA and of sucrose gradient fractions A to D of RNA from a DMSO-stripped virus preparation. The slowest migrating band in the TMV RNA digest was /2. This band was also dearly present in the RNA from fraction A which co-sediments with full-length TMV RNA in sucrose gradients. The amount of/2 was much reduced in the RNA from fraction B and was virtually absent in the smaller RNA fractions, C and D. This result indicates that the shorter-than-full-length RNA molecules have lost their Y-ends. The second longest RNA band on the gel corresponds to a mixture of two oligomers, ~1 and ~2, both 26 nucleotides long (Mandeles, 1968; Garfin & Mandeles, 1975 ) which occur within the 5'-terminal half of the viral RNA (Mandeles, 1968) allowing for the reevaluated direction of SDS-stripping . It is significant that this band was also absent in the smaller RNA molecules, fractions C and D, consistent with the idea that stripping is occurring predominantly from the Y-end of the viral RNA for some considerable distance. Fig. 5 shows RNase T1 fingerprints of sucrose gradient fractions A to D. The fingerprint of fraction A is very similar to that of full-length TMV RNA containing spots characteristic of both the 5 < (A, B and C) and 3'-(1, 4 and 5) halves of the viral RNA (Lomonossoff & Butler, 1979) . As the length of the RNA examined decreases, first spots B and C and then spot A T.M.A. WILSON, G. P. LOMONOSSOFF AND J. F. GLOVER disappear. Spots B and C are located 3600 to 4200 bases and spot A 3000 to 3600 bases from the 3'-end of the viral RNA (Lomonossoff, 1980) and this sequential loss is indicative of stripping occurring in the 5' to 3' direction. Spots 1, 4 and 5 are clearly present in all four RNA fractions (there is perhaps some decrease in the amount of spot 1 in fraction D). Oligonucleotide positions are known for the 3'-terminal sequence of TMV (Guilley et al., 1979) : 1 lies between bases 976 and 992, 4 between bases 563 and 579, and 5 between bases 510 and 525 (from the 3'-hydroxyl terminus). The persistence of these oligonucleotides in all fractions demonstrates that any stripping from the 3'-end of the RNA cannot have proceeded for more than 500 bases.
Histidine charging assay
The specific histidine acceptor activities of DMSO-stripped RNA fractions A to E, control TMV RNA and yeast tRNA are shown in Table 1 . The acceptor activity of 27S TMV RNA from control virus was constant, irrespective of whether or not the parent virus was exposed to micrococcal nuclease (results not shown).
The results indicate that virus particles uncoated extensively by 72 % (v/v) DMSO (fraction D; Fig. 1 ) have intact, or reparable, 3'-terminal RNA sequences (-GCCCAon) which function efficiently (cf. control TMV RNA) in binding histidine. RNA fractions A. B and, to some extent, C (Fig. 1) had substantially lower specific histidine acceptor activities, indicating that significant numbers of rods stripped to a lesser degree have exposed 3'-sequences of between 4 and 500 nucleotides. The reduced charging efficiency of fraction A (Fig. 1) suggests that the 3'-terminus becomes uncoated before the 5'-terminus, as fraction A still possessed control levels of ~ (Fig. 4) .
DISCUSSION
Evidence is presented which confirms that the predominant direction of TMV disassembly in DMSO is from the 5'-to the 3'-terminus of the RNA. However, a minor subpopulation of TMV rods uncoats bidirectionally, commencing at the 3'-end but progressing for less than 500 nucleotides before 5' -* 3' stripping again assumes dominance. Our allocation of major and minor stripping directions is the reverse of that proposed previously (Nicolaieff & Lebeurier, 1979) , based on partial assembly experiments and direct observation of particles in the electron microscope.
Elegant experiments by Richards et al. (1975) , using partial disassembly in 68% (v/v) DMSO, located TMV coat protein gene sequences which encode amino acids 95 to 129. Although essentially correct (Hunter et al., 1976; Guilley et al., 1979) , their experimental conclusions relied heavily upon two mutually dependent, false assumptions.
We now know that TMV reconstitution begins internally on the viral RNA (Zimmern & Wilson, 1976) and that DMSO strips TMV predominantly from the 5'-end of the RNA molecule. This long-standing anomaly can now be resolved. Specifically encapsidated RNA fragments from the coat gene (positions 294 to 398 from the 3'-end of TMV RNA; Guilley et al., 1979) could be exposed in a subpopulation of bidirectionally uncoated rods, after limited stripping for less than 500 nucleotides from the 3'-terminus.
The histidine charging assay appears to give reliable estimates of the numbers of intact, functional, 3'-terminal TMV RNA sequences. Results have been confirmed in the past by independent methods (Perham & Wilson, 1976; Wilson et al., 1976) . We have no evidence to support the proposal that 5'-sequences have some effect on the structure of the 3'-end, thereby affecting the specific binding capacities of successively shorter, overlapping, 3'-terminal RNA fragments. In addition, there are no internal aminoacylatable sites in TMV RNA which could be unmasked by partial disassembly (Salomon et al., 1976) .
The decline in specific histidine-binding capacities reported earlier (Wilson, 1978;  Table 1 ) is thought to reflect the width of the RNA fractions taken from the sucrose density-gradients [Wilson, 1978;  Fig. 1 (+DMSO) ]. These fractions extend into the short RNA fragments at the top of the gradient, many of which arise by micrococcal nuclease digestion of exposed 5'-terminal RNA tails. The detailed analysis reported here suggests a more complex interpretation of DMSO stripping.
Apparently homogeneous TMV rod preparations (see control RNA; Fig. 1 ) have repeatedly failed to respond unanimously to DMSO treatment (cf. rod length frequency histograms of Nicolaieff and co-workers). We cannot explain this phenomenon. However, some variation may be attributed to using different preparations of either the Cambridge or Strasbourg common strains of TMV (Nicolaieff et al., 1974) .
The discrete bands of encapsidated RNAs (Fig. 2) suggest that the disassembly pathway for TMV in DMSO may be more complex than has been reported or implied. EDTA-pretreated virus disassembles completely in 75 % (v/v) DMSO, leaving no trace of 'stable' nucleoprotein structures.
The value of DMSO in generating discrete, defined nucleoprotein intermediates in a reproducible manner is open to criticism. DMSO disassembles TMV presumably by disrupting hydrogen bonds. In rods destined for extensive uncoating the process begins almost exclusively at the 5'-end of the viral RNA, as with other stripping agents [alkali, SDS and urea (results in preparation)]. The reason for the instability at the 5'-end may be local charge effects (in alkali) or may be due to surface accessibility of coat protein subunits (in SDS and urea). If so, then it is interesting that these reagents rarely, if ever, disassemble TMV from the 3'-face of the viral rod. The different modes of bidirectional assembly may have some relevance here (Lomonossoff & Butler, 1980) since it is the last stretch of RNA encapsidated with coat protein discs which appears inherently the least stable.
In addition, DMSO treatment has the added complication of favouring a substantial amount of bidirectional stripping, although the minor uncoating events do not progress beyond RNA base sequences responsible for some highly favourable coat protein-RNA interactions between 4 and 500 nucleotides from the 3'-end of TMV RNA.
